ABSTRACT The POU (Pit-Oct-Unc) genes encode a large transcription factor family comprising 6 classes (pou1f to pou6f ) involved in many developmental processes, such as cell commitment and differentiation. The pou3f class contains four members (pou3f1, pou3f2, pou3f3, pou3f4) characterized by expression in ectodermal tissue derivatives, such as nervous system and otic vesicle, during mammalian development. In order to obtain insights into the potential conservation of this class of transcription factors in vertebrates, we carried out a phylogenetic analysis and a comprehensive comparative study of pou3f expression in the frog Xenopus laevis. All vertebrates examined possessed members of the four pou3f subfamilies, excepting the zebrafish, which lacked a pou3f4 gene. Whole mount in situ hybridization and real-time quantitative polymerase chain reaction (RT-qPCR) analyses revealed that Xenopus pou3f genes were expressed in the forming neural tube and their expression was maintained in the brain, mostly in the dorsal part, at tailbud stages. The pou3f2, pou3f3, and pou3f4 genes were also expressed in the developing otic vesicle, and pou3f1 in some cells of the epidermis. Besides ectodermal derivatives, pou3f3 and pou3f4 were expressed in the developing kidney. Their expression started at the early tailbud stage in the pronephric anlage and partly overlapped. In the mature pronephric tubule, pou3f3 was restricted to the intermediate tubule, while pou3f4 was also expressed in the distal and connecting tubule. Together, our results highlight a significant conservation of pou3f gene expression in vertebrates and indicate that they may have distinct but also redundant functions during neural and renal development.
POU-domain and the conservation of the variable linker region.
The Pou3f class is composed of 4 intronless genes, pou3f1 (alternatively called oct6, otf6, pou50, scip, test1, tst1, pou3f2 (alternatively called BRN2, OCT7, OTF7, POUF3, pou3f3 (alternatively called BRN1, OTF8, , and pou3f4 (alternatively called BRN4, DFN3, DFNX2, . They have been shown to be involved in neural and ectodermal development in mammals. Pou3f1 promotes neural fate commitment during mouse gastrulation (Zhu et al., 2014) . It is implicated in Schwann cell myelinization and oligodendrocyte as well as keratinocyte differentiation (Zhao, 2013) . Pou3f2 is a regulator of melanocyte growth and tumorigenesis. It is responsive to MAPK pathway activation and modulates the levels of the transcription factor MITF, hence preventing melanocytic differentiation ultimately leading to tumor metastasis (Cook and Sturm, 2008) . Pou3f4 is implicated in neuron and otic vesicle development, where it controls cochlea formation. In humans, defects in POU3F4 cause X-linked deafness type 3 (Zhao, 2013) . Pou3f transcription factors can act redundantly during embryonic development. In single Pou3f2 or Pou3f3 mouse mutants, no developmental defects are observable in the neocortex where these genes are co-expressed, while the double mutants of both Pou3f2 and Pou3f3 are characterized by abnormal formation of the neocortex with dramatically reduced production of layer II-IV neurons and defective migration of neurons (Cook and Sturm, 2008 ).
The expression of pou3f genes is documented principally in the vertebrate nervous system, but data appear fragmented. An exhaustive spatial and temporal expression survey for all pou3f genes is clearly missing in the literature. We therefore performed this analysis using the frog Xenopus laevis as a model and first assessed the conservation, phylogeny, and synteny of vertebrate pou3f class genes. We then described the expression patterns of each pou3f gene during X. laevis embryonic development. Our results highlight a high level of conservation of pou3f class genes across vertebrates. In X. laevis, partially overlapping expression in the developing neural tube suggests a potentially conserved function during vertebrate brain development. We also find that pou3f3 and pou3f4 genes are partially co-expressed in the developing pronephros, a first in any vertebrate.
Results

Evolutionary conservation of Pou3f class members
In order to characterize the evolution of Pou3f class members in vertebrates, we first analyzed alignments of the amino acid sequences of selected Pou3f proteins (Figs. 1; S1). In X. laevis, each Pou3f gene has two homologous copies (L and S), whose mRNA coding sequences and protein sequences are highly conserved (more than 99% of identity). We therefore performed the alignments with only one homolog. Alignment of the four X. laevis Pou3f proteins (Pou3f1, Pou3f2, Pou3f3, Pou3f4) revealed a particularly high degree of sequence conservation in the POU-specific (Pou3f1, Pou3f2, Pou3f3, and Pou3f4) 1A) . Comparisons of the four X. laevis Pou3f class proteins with their respective orthologs from human, mouse, chicken, and the spotted gar further supported this finding, with sequence identities ranging between 68% and 85% for the full-length proteins, but reaching 100% within the POU-specific domain, between 91% and 98% in the linker region, and between 96% and 98% in the POU-homeodomain (Fig. 1B) . To assess the evolutionary diversification of pou3f class genes in vertebrates, we next performed phylogenetic analyses of Pou3f proteins (Figs. 2,  S1 ). The resulting phylogenetic tree revealed that the vertebrate pou3f genes encoding these proteins group into four subfamilies (pou3f1, pou3f2, pou3f3, pou3f4) , with each vertebrate analyzed possessing at least one member of each of these subfamilies (Fig. 2) , except for the zebrafish that lacks a pou3f4 gene. The phylogeny further revealed that the genomes of teleost fish encode additional paralogs in the pou3f2 and pou3f3 subfamilies and that some fish lineages might have independently lost specific pou3f genes, which seems to be the case for zebrafish pou3f4 as well as for medaka pou3f2a (Fig. 2) . Of note, non-vertebrates seem to generally possess only a single pou3f gene (Fig. 2) . To further investigate the evolution of pou3f genes in vertebrates, we next carried out a synteny analysis of the pou3f loci of several vertebrate species (Fig. 3) . This analysis largely supported the results obtained by the phylogenetic tree reconstruction in that, while vertebrate genomes are generally characterized by at least four pou3f genes, the genomes of teleost fish have experienced both additional large-scale duplications (resulting in additional teleost pou3f2 and pou3f3 paralogs) and species-specific pou3f gene losses (leading to the absence of zebrafish pou3f4 and medaka pou3f2a) (Fig. 3 ).
Spatial and temporal expression of pou3f1 during X. laevis development Temporal and spatial expression of pou3f1 during X. laevis embryonic development was examined by real-time quantitative polymerase chain reaction (RT-qPCR) and whole mount in situ hybridization. Pou3f1 expression begins at gastrulation (st 10), increases during neurulation (st 13-16) and tailbud stages (st 22) to reach a maximum level at the late tailbud stage (st 28), with its expression subsequently decreasing at the tadpole stage (st 37) (Fig. 4A) . By in situ hybridization, the signal is first detected in the marginal zone during gastrulation (Fig. 4B, a) . At the mid-neurula stage (st 16), pou3f1 is expressed in the anterior neural folds (Fig. 4B,  c) , and its expression is maintained in the lateral part of the neural tube all along its antero-posterior axis at stage 23 (Fig. 4B, d, e) . Subsequently, pou3f1 is expressed in the dorsal half of the brain excepting the most dorsal part at late tailbud and tadpole stages (Fig. 4B, f-i) . Transcripts of pou3f1 are also found in the optic vesicle at the early tailbud stage (Fig. 4B, d ) and in the retina at later stages (Fig. 4B, f-i) . In addition, from the early tailbud stage onward, there is a strong dotted staining of pou3f1 in the epidermis, and, from the mid-neurula stage, pou3f1 expression is further detectable in neuro-ectodermal tissues. This spatial expression pattern was confirmed by RT-qPCR analysis of different embryonic regions: these results clearly showed a relative enrichment of pou3f1 transcripts in the dorsal half of the embryo as well as in the head (Fig. 4C ).
Spatial and temporal expression of pou3f2 during X. laevis development RT-qPCR analysis revealed a high variability of pou3f2 expression levels, likely due to the very dynamic expression pattern of pou3f2 (data not shown). Expression is not detectable by whole mount in situ hybridization before the early neurula stage when it is detectable in the anterior part of the neural plate as a stripe in the neural folds (Fig. 5A, a,b) . Its neural expression is restricted to the brain during tailbud and tadpole stages (Fig. 5A, c-i) . Examination of transverse sections at the early tailbud stage (st 23) highlights expression in the dorso-lateral part of the hindbrain (Fig. 5A, d ). The pou3f2 gene is also expressed in the otic vesicle at late tailbud stages (st 29/30-39) (Fig. 5A , e,f,h,i) and in two cell populations ventral to the eye that might be neural crest cell derivatives (arrowhead) (Fig. 5A, f,i) . This spatial expression pattern was confirmed by RT-qPCR analysis of different embryonic regions, showing a strong relative enrichment of pou3f2 transcripts in the head (Fig.  5B) . 
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Spatial and temporal expression of pou3f3 during X. laevis development RT-qPCR detected no maternal pou3f3 expression and very low levels of expression during gastrulation. Pou3f3 expression increases slowly during neurulation (st 13-16) and during tailbud stages (st 22 and 28), before decreasing at the tadpole stage (st 37) (Fig 6A) . Pou3f3 transcripts were first detected by in situ hybridization in the anterior neural plate as a stripe in the neural folds (Fig. 6B, a,b) . From the early tailbud stage, pou3f3 is strongly Early gastrula, vegetal view (a) . Neurula, dorsal view (b,c) . Tailbud, dorsal (d) and lateral (f) view. Tadpole, lateral view (g,i) . Transverse sections at the level of the developing brain at tailbud stage (e) and at the level of the developing eye at tadpole stage (h). Abbreviations: e, eye; ep, epidermis; fb, forebrain; hb, hindbrain; mb, midbrain; nf, neural fold; np, neural plate; nt, neural tube; op, optic 
Fig. 5 (right). Spatio-temporal expression of pou3f2 during Xenopus laevis development. (A) Whole mount in situ hybridization for pou3f2 at indicated stages of development. Neurula, dorsal view (a,b). Tailbud, dorsal (c) and lateral (e) view. Tadpole, lateral view (f,i). Transverse sections at the level of the developing brain (d,g,h), and otic vesicle (h). Abbreviations: (fb) forebrain, (hb) hindbrain, (mb) midbrain, (nt) neural tube, (om) otic mesenchyme, (ov) otic vesicle. (B) Expression of pou3f2 analyzed by real-time quantitative polymerase chain reaction (RT-qPCR) on dissected explants from tailbud embryos (stage 25). Embryos were dissected either into ventral and dorsal halves or into tailbud, pronephros and head. *: P < 0,05; ***: P < 0,001, relative to the whole embryo.
Fig. 6 (left). Spatio-temporal expression of pou3f3 during Xenopus laevis development. (A) Expression of pou3f3 analyzed by real-time quantitative polymerase chain reaction (RT-qPCR) at indicated stages of development. (B) Whole mount in situ hybridization for pou3f3 at indicated stages of development. Neurula, dorsal view (a,b). Tailbud, dorsal (c) and lateral (d,f) view. Tadpole, lateral view (g,i). Transverse sections at the level of the developing pronephros (e,h). Abbreviations: (fb) forebrain, (hb) hindbrain, (mb) midbrain, (nt) neural tube, (ov) otic vesicle, (p) pronephros. (C) Expression of pou3f3 analyzed by RT-qPCR on dissected explants from tailbud-stage embryos (stage 25). Embryos were dissected either into ventral and dorsal halves or
into tail bud, pronephros and head. **: P < 0,005; ***: P < 0,001, relative to the ventral half. expressed in the developing forebrain, midbrain, and hindbrain where expression is maintained at least until the tadpole stage (Fig. 6B, c-i) . Outside the brain, pou3f3 is also detectable in the developing pronephros. At the early tailbud stage, transcripts are 
Fig. 7 (right). Spatio-temporal expression of pou3f4 during Xenopus laevis development. (A) Expression of pou3f4 analyzed by real-time quantitative polymerase chain reaction (RT-qPCR) at indicated stages of development. Average values from three independent experiments. (B) Whole mount in situ hybridization for pou3f4 at indicated stages of development. Neurula, dorsal view (a). Tailbud, dorsal (b) and lateral view (c,e). Tadpole, lateral (f,i) view. Transverse sections at the level of the developing pronephros (d,h) and otic vesicle (g). Abbreviations: (fb) forebrain, (hb) hindbrain, (mb) midbrain, (nt) neural tube, (om) otic mesenchyme, (ov) otic vesicle, (p) pronephros. (C) Expression of pou3f4 analyzed by RT-qPCR on dissected explants from tailbud-stage embryos (stage 25). Embryos were dissected either into ventral and dorsal halves or into tail bud
Whole mount in situ hybridization analysis of pronephric expression of pou3f3 and pou3f4 (dark blue) compared to pax8 (light blue) in tailbud-stage embryos (stage 25) (A) and in the differentiated tubule in late tailbud-stage embryos (st 35) (B). Transverse sections in the anterior (A.f,j) and posterior part (A.g,k) of the anlage, and in the anterior part of the tubule (B.f,i). (C) Schematic representation of pou3f3 and pou3f4 expression in the pronephros: transverse section of a tailbud-stage embryo (left), lateral view of the pronephric anlage (middle) and of the differentiated tubule (right).
present in the proximal part of the pronephric anlage (Fig.  6B, d,e) . Pronephric expression of pou3f3 persists in the developing tubule during tailbud and tadpole stages (Fig. 6B, f-i) . Pou3f3 is also expressed in the otic vesicle and possibly in anterior neural crest cell derivatives (arrowhead) (Fig. 6B, f,g,i) . RT-qPCR analysis of different regions of early tailbud stage embryos confirmed these observations, with strong relative expression of pou3f3 in the head and pronephros (Fig. 6C, S2 ).
Spatial and temporal expression of pou3f4 during X. laevis development Pou3f4 starts to be weakly expressed in the embryo at the mid-neurula stage (st 16), and its expression gradually increases during tailbud (st 22 and 28) and tadpole stages (st 37), as shown by RT-qPCR (Fig. 7A) . Using whole mount in situ hybridization, pou3f4 transcripts were first detectable at the mid-neurula stage in the anterior part of the neural folds (Fig. 7B, a) . At tailbud stages, pou3f4 expression is conspicuous in the developing midbrain and hindbrain where it is maintained at tadpole stages (Fig. 7B, e,f,g,i) . Apart from the brain, pou3f4 is also strongly expressed in the pronephric anlage at the early tailbud stage (Fig. 7B, b-d) , with expression persisting in the developing pronephric tubule (Fig. 7B, e,f,h,i) . In addition, pou3f4 transcripts are detectable in groups of cells surrounding the eye (arrow head) (Fig. 7B, f,i) as well as in the condensing otic mesenchyme, which lies ventral to the otic vesicle (Fig. 7B, g ). RT-qPCR analysis performed on different embryonic regions confirmed that pou3f4 is strongly expressed in the head and the pronephric anlage (Fig. 7C ).
Differential expression of pou3f3 and pou3f4 in the developing X. laevis pronephros
In order to define more precisely the expression domains of pou3f3 and pou3f4 in the developing X. laevis pronephros, we performed double staining by whole mount in situ hybridization. We compared pou3f3 and pou3f4 expression with that of pax8, which marks the entire presumptive pronephric region at the early and mid-tailbud stages (Carroll and Vize, 1996) . The expression of pou3f3 is restricted to the most anterior part of the pronephric anlage (Fig. 8A, d,e) , whereas pou3f4 is expressed in the entire pronephric anlage at the exception of the most dorso-anterior part (Fig. 8A,  h,i) . Transverse sections confirm these observations and reveal that pou3f3 and pou3f4 expression within the pronephric mesoderm is restricted to the somatic layer that gives rise to the pronephric tubule. No expression is detected in the splanchnic layer that will form the glomus (Fig. 8A, f,g,j,k) . At the tadpole stage, the pronephric tubule is segmented along the proximo-distal axis into proximal, intermediate, distal, and connecting tubule (Raciti et al., 2008) . In contrast to pax8, neither pou3f3 nor pou3f4 is expressed in the proximal tubule (Fig. 8B) . The pou3f3 signal is in the intermediate tubule and the distal tubule, but expression in the latter declines as maturation of the tubule progresses (Fig. 8B, d-f) (Fig. 6B, f-i (Fig. 8B, g-i) .
Discussion
The present study aims at characterizing the class 3 POU transcription factor complement of vertebrates, with a special focus on the pou3f genes from the frog X. laevis. Amino acid alignments revealed the general conservation of vertebrate Pou3f class proteins. Based on the fact that non-vertebrates generally encode only a single pou3f ortholog, the results of our phylogenetic and synteny analyses further indicate that the four vertebrate pou3f genes result from two successive duplications of a single ancestral pou3f gene in the last common ancestor of all vertebrates. The evolutionary history of the vertebrate pou3f class is thus consistent with the hypothesis that two whole-genome duplication (WGD) events occurred during early vertebrate evolution ( Van de Peer et al., 2017) . The existence of two pou3f2 and pou3f3 paralogs in teleost fish further supports the scenario of an additional, third, WGD marking the evolutionary diversification of the teleost fish lineage (Van de Peer et al., 2017) . Intriguingly, we also found two examples of lineage-specific pou3f gene losses in teleost fish: pou3f4 in the zebrafish and pou3f2a in the medaka. Future work will have to address, how widespread these lineage-specific pou3f gene losses are in teleost fish, whether they are directly linked to the third WGD and thus to the increased teleost fish pou3f complement, and whether they compensate, for example, gene dosage effects.
Our results show that all four X. laevis pou3f genes are expressed during neurulation in the forming neural tube and that their expression is maintained in the brain, mostly in the dorsal part, at tailbud stages. Neural expression of Xenopus pou3f3 has already been described and our results largely confirm the published data (Square et al., 2015) . Our results further highlight an evolutionary conserved expression of pou3f members in neural tissues. In mice, for example, pou3f1 is expressed in the anterior neuro-ectoderm at E7.5 (Zhu et al., 2014) . While the activity of this gene is subsequently required in the forebrain and midbrain for the regulation of neural commitment (Zhu et al., 2014) , pou3f4 is involved in neuron differentiation (Zhao, 2013) . Furthermore, pou3f2 and pou3f3 show similar expression in the nervous system and a high level of functional redundancy. They are expressed in the neocortex, primarily in neurons of layers II-IV, and the analysis of pou3f2/pou3f3 double mutants showed that both are involved in cortical neural migration, layer production, and neurogenesis (Cook and Sturm, 2008) . Similarly, partial redundancy of pou3f1 and pou3f2 in Schwann cell differentiation has been described (Cook and Sturm, 2008) . Interestingly, we showed that pou3f1, known to be involved in epidermal keratinocyte differentiation in mammals, is expressed in the Xenopus epidermis (Zhao, 2013) . We also observed that pou3f2, pou3f3, and pou3f4 are expressed in the developing Xenopus ear, as previously described in the mouse (Mutai et al., 2009 , Phippard et al., 1999 . Together with the fact that pou3f4 is responsible for X-linked deafness type 3 in humans (Zhao, 2013) , these data suggest a conserved role for pou3f4 during vertebrate ear development. Of note, we did not find pou3f4 expression in the mesoderm during gastrulation, contrary to what has previously been published (Witta et al., 1995) . Our result has been confirmed by RT-qPCR on dissected gastrulae, with no significant expression having been detected in the mesoderm compared to other tissues (Fig. S3) . Given that the authors of the previous study used an in situ hybridization probe targeting the entire pou3f4 sequence (Witta et al., 1995) , this full-length probe might have also recognized other pou3f genes via the conserved POU-domain, for example pou3f1, which is highly expressed in the mesoderm during gastrulation.
Here, we show for the first time that pou3f3 and pou3f4, but neither pou3f1 nor pou3f2, are expressed in the developing Xenopus pronephros. In mice, pou3f3 is expressed in the renal vesicle of the developing metanephros, and, later on, its expression is restricted to Henle's loop and to the distal convoluted tubule. The pou3f3 gene has been shown to play a crucial role in the development of distinct nephron segments: pou3f3 knock-out mice exhibit impaired elongation and differentiation of the developing Henle's loop and perinatal death due to renal failure (Nakai et al., 2003) . More recently, analysis of the mouse mutant Pou3f3 L423P , characterized by a point mutation that leads to the alteration of a specific amino acid affecting the conserved homeobox domain of the protein, further revealed an involvement of pou3f3 in the regulation of the overall number of developing nephrons (Rieger et al., 2016) . Our results suggest a conserved role for pou3f3 during vertebrate kidney development, as, in Xenopus, pou3f3 is expressed in the anterior part of the pronephric anlage and later on in the intermediate and distal pronephric tubule, which is the structural and functional analog of Henle's loop (Raciti et al., 2008) . We also observed that pou3f4 is expressed in the developing Xenopus pronephros, but with a slightly different pattern than pou3f3. It is therefore interesting to note that part of the pronephric anlage and some tubule segments express both pou3f3 and pou3f4, suggesting a possible redundancy or synergy, whereas some pronephric structures express only pou3f3 (the most proximal part of the anlage) or pou3f4 (the most distal part of the anlage and the tubule). In mice, three independent transcriptomic analyses have established that pou3f4 is expressed in the ureteric bud, but not in the renal vesicle at E11.5 (Georgas et al., 2009 , Schmidt et al., 2005 , Smeeton et al., 2016 , suggesting that pou3f3 and pou3f4 are also differentially expressed during metanephros development in mice. Together, these data suggest that pou3f3 and pou3f4 could have both distinct and redundant functions during kidney development in vertebrates. It will be important to perform single and double loss of function analyses in Xenopus to study the functional conservation of these genes during vertebrate kidney development.
Materials and Methods
Sequence alignments, phylogenetic tree calculations and genomic linkage analyses
Amino acid sequences included in the analysis were obtained by BLAST searches and are listed in Supplementary Table S1 . Alignments were performed using MUSCLE as implemented in MEGA7 and then refined by eye. The final alignment included 42 amino acid sequences with a total of 317 positions (Fig. S1 ). Sequence identities for full-length X. laevis Pou3f proteins and their subdomains were calculated using a BioEdit sequence identity matrix (Hall, 1999) . Phylogenetic trees were calculated with both the Maximum Likelihood (ML) and Bayesian inference (BI) methods, using a Dayhoff matrix-based substitution model with a discreet Gamma distribution (Schwarz and Dayhoff, 1979) . ML tree calculations were conducted in MEGA7 with the robustness of each node being estimated by bootstrap analyses (in 1000 pseudoreplicates) (Felsenstein, 1985) . BI trees were calculated using
